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1607-551X/Copyright ª 2014, KaohsiuAbstract The inwardly rectifying Kþ current [IK(IR)] allows large inward K
þ currents at poten-
tials negative to Kþ equilibrium potential (EK) and it becomes small outward K
þ currents at those
positive to EK. How changes of such currents enriched in glial cells can influence the functions of
glial cell, neurons, or both is not clearly defined, althoughmutations of Kir4.1 channels havebeen
demonstrated to cause serious neurological disorders. In this study,we identified the presence of
IK(IR) in humangliomacells (U373andU87 cells). Theamplitudeof IK(IR) inU373 cellswas subject to
inhibition by amitriptyline, arecoline, or BaCl2. The activity of inwardly rectifying K
þ channels
was also clearly detected, and single-channel conductance of these channels was calculated
to be around 23 pS.Moreover, based on a simulationmodel derived fromneuroneglial interaction
mediated by ion flux, we further found out that incorporation of glial IK(IR) conductance into the
model can significantly contribute to regulation of extracellular Kþ concentrations and glial
resting potential, particularly during high-frequency stimulation. Glial cells and neurons can
mutually modulate their expression of ion channels through Kþ ions released into the extracel-
lular space. It is thus anticipated that glial IK(IR) may be a potential target utilized to influence
the activity of neuronal and glial cells as well as their interaction.
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Astrocytes constitute the major cell component of brain
glia and contribute to numerous cerebral functions. They
form the bloodebrain barrier by surrounding capillaries,
maintain water and extracellular ion homeostasis, metab-
olize neurotransmitters, supply nutrients to neurons, and
control cerebral artery dilation. Among these functions,
spatial potassium buffering mediated by astrocytes is
recognized to be crucial in maintaining neuronal excit-
ability [1e3]. Such a buffering function is able to remove
excess extracellular Kþ ions from the sites of high neuronal
activity and transports them unidirectionally to the regions
of low Kþ, such as blood vessels [2]. Notably, neurons are
closely surrounded by glial cells, leaving only a 20-nm-wide
extracellular space filled with interstitial fluid. As the
interstitial space occupies only a small volume, neuronal
activity can lead to appreciable changes in the extracel-
lular concentration of ions (e.g., Kþ ions).
The Kir4.1 channel, a member of the inwardly rectifying
Kþ (Kir) channel family, is recognized to show inward recti-
fication and to function as a stabilizer of the resting potential
in neurons and glial cells [2e5]. More specifically, mutations
in theKCNJ10 gene (chromosome1q23.2),whichencodes the
a-subunit of Kir4.1 channel, have been demonstrated to
cause neurological disorders, including epileptic attacks,
ataxia, and sensorineural deafness [6,7]. Changes in the ac-
tivity of Kir4.1 channels have also been shown to influence
cell growth and invasion in glioma cells [8].
In the present study, we intended to examine the bio-
physical and pharmacological properties of inwardly recti-
fying Kþ current [IK(IR)] in U373 and U87 glioma cells. With
the aid of a simulation model designed from investigations
on neuroneglial interaction mediated by ion flux [9], we
further explored how changes in glial IK(IR) conductance
could affect the extracellular Kþ concentration ([Kþ]o) and
glial resting potential as a modeled neuron is repetitively
fired at high frequency. Our work unravels the importance
of interactions between neurons and glia mediated by ion
flux.
Materials and methods
Drugs and solutions
Amitriptyline, arecoline, glibenclamide, and tetraethy-
lammonium chloride were obtained from Sigma-Aldrich (St
Louis, MO, USA), nonactin from Tocris Cookson (Bristol, UK),
and iberiotoxin from Alomone (Jerusalem, Israel). Chlor-
otoxin was kindly provided by Professor Dr Woei-Jer Chuang
(Department of Biochemistry, National Cheng Kung Uni-
versity Medical College, Tainan City, Taiwan). All culture
media, fetal bovine serum, L-glutamine, pen-
icillinestreptomycin, fungizone, and trypsin were obtained
from Invitrogen (Carlsbad, CA, USA). All other chemicals
including BaCl2 were obtained from regular commercial
sources and were of reagent grade. Reagent water was
deionized using a Milli-Q water purification system (Milli-
pore, Bedford, MA, USA).
The composition of bathing solution (i.e., normal
Tyrode’s solution) was as follows: 136.5mM NaCl, 5.4mMKCl, 1.8mM CaCl2, 0.53mM MgCl2, 5.5mM glucose, and
5.5mM HEPESeNaOH buffer, pH 7.4. To measure Kþ cur-
rents or membrane potential in U373 or U87 cells, the patch
pipette was filled with a solution consisting of 140mM KCl,
1mM MgCl2, 3mM Na2ATP, 0.1mM Na2GTP, 0.1mM EGTA, and
5mM HEPESeKOH buffer, pH 7.2. For current recordings of
Kir channels, the pipette solution contained 145mM KCl,
2mM MgCl2, and 5mM HEPESeKOH, pH 7.2. The pipette
solution was filtered on the day of use with a syringe filter
of 0.22 mm pore size (Millipore).
Cell preparations
The glioblastoma multiforme cell lines (U87 and U373) were
obtained from American Type Culture Collection (Manassas,
VA, USA). They were routinely grown and maintained at a
density of 106/mL in DMEM/F12 nutrient media (Invitrogen)
supplemented with 10% fetal bovine serum. All cell lines
were grown at 37C in a 5% CO2 incubator as monolayer
cultures and were subcultured weekly. Fresh media were
added every 2e3 days to maintain a healthy cell popula-
tion. To observe cell growth, a Nikon Eclipse Ti-E inverted
microscope (Li Trading Co., Taipei, Taiwan) equipped with
a 5-megapixel cooled digital camera was used. The camera
was connected to a personal computer controlled by NIS-
Elements BR 3.0 software (Nikon, Kanagawa, Japan).
Electrophysiological measurements
U87 or U373 cells were harvested with 1% trypsin/EDTA
solution prior to the experiments, and an aliquot of cell
suspension was subsequently transferred to a recording
chamber, which was mounted on the mechanical stage of
an inverted fluorescent microscope (CKX-41; Olympus,
Tokyo, Japan) coupled to a digital video system (DCR-
TRV30; Sony, Tokyo, Japan) with a magnification of up to
1500. They were immersed in normal Tyrode’s solution
containing 1.8mM CaCl2 at room temperature (20e25C).
The electrodes were pulled from Kimax-51 capillaries
(#34500; Kimble Glass, Vineland, NJ, USA) in either a PP-
830 puller (Narishige, Tokyo, Japan) or a P-97 Flaming/
Brown micropipette puller (Sutter, Novato, CA, USA), and
their tips were fire polished with an MF-83 microforge
(Narishige). These electrodes, which had a resistance of
3e5 MU when filled with different intracellular solutions
described above, were mounted on and controlled by a WR-
98 hydraulic micromanipulator (Narishige). Ion currents
recorded in either the cell-attached or the whole-cell mode
were measured by the standard patch-clamp technique
using either an RK-400 amplifier (Biol-Logic, Claix, France)
or an Axopatch 200B patch-clamp amplifier (Molecular De-
vices, Sunnyvale, CA, USA) [10,11]. Junctional potentials
between the internal pipette solution and extracellular
medium were commonly nulled prior to seal formation.
Data recordings and analyses
The data were stored online in a TravelMate-6253 laptop
computer (Acer, Taipei, Taiwan) at 10 kHz through a
Digidata-1440A interface (Molecular Devices), which was
controlled by pCLAMP 10.2 software (Molecular Devices).
Figure 1. Effect of amitriptyline on IK(IR) in U373 cells. In these experiments, cells were bathed in Ca
2þ-free Tyrode’s solution, as
described in the ‘Materials and methods’ section. Each cell examined was held at 50 mV, and the ramp pulses ranging from
110 mV to þ40 mV with a duration of 1 second were repetitively applied at a rate of 0.05 Hz. (A) Superimposed current traces
obtained in the absence and presence of (a) amitriptyline (10mM), (b) arecoline (10mM), or (c) BaCl2 (1mM). (B) A bar graph
showing the effects of amitriptyline (10mM), arecoline (10mM), and BaCl2 (1mM) on IK(IR) amplitude in U373 cells. Current amplitude
obtained with or without the addition of each agent was measured at a level of 110 mV (mean  SEM; nZ 7e10 for each bar). *
Significantly different from control (p < 0.05). ** Significantly different from control (p < 0.01). Ami Z amitriptyline;
ARE Z arecoline; SEM Z standard error of the mean.
Effect of glial Kir channels 11Current signals were low-pass filtered at 3 kHz. The signals
obtained during each experiment were stored and analyzed
subsequently using different tools, including pCLAMP 10.2
(Molecular Devices), LabChart 7.0 program (AD In-
struments; Gerin, Tainan, Taiwan), Origin 8.0 (OriginLab,
Northampton, MA, USA), and custom-made macro pro-
cedures built in Excel 2010 under Windows 7 (Microsoft,Redmond, WA, USA). The voltage-step profiles with either
rectangular or ramp pulses created from pCLAMP 10.2 were
commonly employed to evaluate the currentevoltage (IeV)
relations for ion currents (e.g., IK(IR)).
Single Kir-channel currents were analyzed with pCLAMP
10.2 (Molecular Devices). Multigaussian adjustments of the
amplitude distributions among channels were used to
Figure 2. Inhibitory effect of amitriptyline on IK(IR) in U87
cells. In these experiments, cells were bathed in Ca2þ-free
Tyrode’s solution; the cell examined was held at 50 mV, and
the ramp pulses ranging from 120 mV to þ40 mV with a
duration of 1 second were repetitively applied at a rate of
0.05 Hz. a Control. b Amitriptyline (10mM).
12 S.-N. Wu et al.determine single-channel currents. Functional indepen-
dence between channels was verified by comparing the
observed stationary probabilities with the values calculated
according to the binominal law. The number of active chan-
nels in a patch was taken as the maximum number of chan-
nels simultaneously open under conditions ofmaximumopen
probability. The open probabilities were evaluated using an
iterative process to minimize c2, calculated with a suffi-
ciently large number of independent observations.
The averaged results are presented as the mean
values  standard error of the mean, with sample sizes (n)
indicating the number of cells from which the data were
obtained, and error bars shown in each figure are plotted as
standard error of the mean. The paired or unpaired Student
t tests were primarily used for statistical analyses. How-
ever, assuming that the statistical difference among
different groups was necessarily evaluated, analyses of
variance with Duncan’s multiple-range test for multiple
comparisons were further implemented. Statistical ana-
lyses were performed using SPSS version 17.0 (SPSS Inc.,
Chicago, IL, USA). Statistical significance was determined
at p < 0.05 or p < 0.01.
Mathematical modeling
To investigate changes in ion fluxes and membrane poten-
tials for neuroneglial interaction, a theoretical model
described previously [9] was modified and implemented.
This model comprises a neuron with unbranched basal and
apical dendrites, surrounded by interstitial space, envel-
oped by a “glialeendothelial” buffer compartment. Ion
fluxes, longitudinal diffusion in and outside the neuron and
glia, and osmotically induced cell volume channels are
continuously created. The detailed formulations and pa-
rameters used in this model were taken from the paper of
Somjen et al [9].
The conductance of IK(IR) in glial cells is described by the
following equations:
GKirZ
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where GKir is the IK(IR) conductance, Gmax is the maximal
conductance, [Kþ]o is the extracellular K
þ concentration,
Vm is the membrane potential, EK is the K
þ equilibrium
potential, Vh is the voltage required for half-maximal
activation that is relative to EK, Vs is a voltage-dependent
factor, and IK(IR) is the current through the Kir channel in
glial cell.
Simulationspresentedherewereperformed in theNEURON
simulation environment (version7.3), and runwith a time step
of 25 microseconds on a Hewlett Packard Workstation
(HPxw9300; Hewlett Packard, Palo Alto, CA, USA) [12]. The
source file used in this study can be available from http://
senselab/med.yale.edu/senselab/modeldb. Parts of numeri-
cal simulations were validated in Microsoft Excel [13].Results
Electrical properties of IK(IR) in U373 cells
In the initial set of experiments, whole-cell current recordings
were employed to characterize the electrical properties of
macroscopic IK(IR) in thesecells.Cellswerebathed inCa
2þ-free
Tyrode’s solution and the recording pipette was filled with a
Kþ-containing pipette solution, as described in the “Materials
and methods” section. When the cell examined was held at
50mVanda long-lasting ramppulse ranging from110mVto
þ40 mV with a duration of 1 second was repetitively applied,
ion currentswith an inwardly rectifyingpropertywereelicited
(Fig. 1A). The rectification was noted to start at around
70 mV and was progressively elevated at hyperpolarized
potentials. Addition of nonactin (10mM), a Kþ ionophore [10],
increased IK(IR) amplitude in these cells with no change in the
reversal potential of this current. Notably, within 1 minute of
exposing the cells to 10mM amitriptyline, current amplitudes
were greatly reduced. This inhibitory effect was readily
reversed after the removal of this agent. Similar results were
obtained in another type of glioma cells, namely U87 cells.
Fig. 1B illustrates summary of the data showing inhibitory ef-
fects of amitriptyline, arecoline, and BaCl2 in IK(IR) amplitude
in U373 cells Amitriptyline and arecoline were effective at
diminishing IK(IR) amplitude, while BaCl2 at a concentration of
1mM fully suppressed it in these cells. Amitriptyline has been
known to be a tricyclic antidepressant, whereas arecoline, an
alkaloid-type natural product originally in the areca nut, is
recognized as a muscarinic-receptor agonist [14]. Addition of
tetraethylammonium chloride (10mM) was also found to sup-
press IK(IR) elicited by the same voltage profile, while neither
iberiotoxin (200nM) nor chlorotoxin (1mM) exerted any effects
on it. Iberiotoxin is a blocker of large-conductance Ca2þ-
activated Kþ channels, while chlorotoxin, a scorpion toxin,
can suppress Cl current [15]. This population of Kþ currents
has previously been referred to as IK(IR) and found to resemble
the Kir4.1-encoded currents enriched in glial cells [2,3,5].
Moreover,wedemonstrated that IK(IR) present inU373cellscan
be subject to inhibition byamitriptyline, arecoline, andBaCl2.
Fig. 2 shows examples of IK(IR) obtained with or without the
addition of amitriptyline (10mM), recorded in U87 cells.
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from U373 cells
Next, we examined the electrical properties of Kir channels
in U373 cells. In these single-channel current recordings,
cells were bathed in a Ca2þ-free Tyrode’s solution, cell-
attached configuration was achieved, and the recording
pipette was filled with a Kþ-containing solution. As shown in
Fig. 3A, in cell-attached patches, the activity of Kir chan-
nels with spontaneous open and closed transitions was
clearly observed when the cell was held at 80 mV relative
to the bath. The single-channel open probability of these
channels is about 0.232  0.008 (n Z 9). The fast and slow
components of the mean open time derived from open-time
histogram were calculated to be 3.5  0.9 milliseconds and
26  3 milliseconds (n Z 8), respectively. As the holding
potential became more hyperpolarized, the mean open
time was significantly prolonged. As averaged current am-
plitudes were measured at different voltages, an ohmic IeV
relationship of Kir channels was obtained and their single-
channel conductance was calculated to be 23  1 pS
(n Z 8), with a reversal potential of þ63  3 mV (n Z 8;
Fig. 3B). Similar findings were also obtained in seven U87Figure 3. The activity of Kir channels recorded from U373 cells. C
in a Ca2þ-free Tyrode’s solution. (A) Original single-channel current
bath. Channel opening shown in (A) gives a downward deflection i
currents (mean  SEM; n Z 6e10 for each point). The broken
linear IeV relationship of Kir channels shows the single-channel con
effects of amitriptyline (10mM), arecoline (10mM), and BaCl2 (1mM) o
open probability obtained with or without the addition of each agen
for each bar). * Significantly differently from control (p <
Ami Z amitriptyline; ARE Z arecoline; SEM Z standard error of tcells. Fig. 3C illustrates a summary of the data showing
inhibitory effects of amitriptyline, arecoline, and BaCl2 on
the open probability of Kir channels in U373 cells. There-
fore, in these experiments, the Kir-channel activity is
clearly detected in these cells. The activity, gating, and
kinetics of Kir channels can determine the magnitude of
macroscopic IK(IR).
Ability of change in glial IK(IR) to influence ion flux-
mediated neuroneglial interaction
The spatial buffering of Kþ in response to the firing of
neuronal action potentials (APs) is considered to be medi-
ated by Kir channels functionally expressed in astrocytes
[1e3]. We next explored how changes in IK(IR) in glial cells
can influence neuroneglial interaction mediated by ion
flux. In these simulations, when glial IK(IR) conductance with
an arbitrary value of 0.1 S/cm2 was incorporated into the
model, during repetitive stimuli with a firing frequency of
40 Hz, the amplitude of IK(IR) was progressively elevated and
reached the peak value of around 0.3 mA/cm2 at the end of
repetitive stimuli (Fig. 4). It is noted that the direction of
glial IK(IR) was inward (i.e., negative value) because theell-attached current recordings were conducted in cells bathed
s in which the attached cell was held at 80 mV relative to the
n current. (B) Averaged IeV relationships of single Kir-channel
line points toward the values of the reversal potential. The
ductance of approximately 23 pS. (C) A bar graph showing the
n the probability of Kir-channel openings in U373 cells. Channel
t was measured at the level of 80 mV (mean  SEM; nZ 6e9
0.05). ** Significantly different from control (p < 0.01).
he mean.
14 S.-N. Wu et al.value of glial EK during repetitive stimulation became pos-
itive relative to the resting potential [9,13]. Each AP firing
was found to coincide with an increased IK(IR) amplitude in
an episodic fashion. Correspondingly, the [Kþ]o value was
slightly increased from 3.5mM to 5mM, together with an
increase in membrane depolarization in glial cells from
92 mV to 84 mV; however, the AP amplitude and
neuronal resting potential were only slightly altered. More
importantly, in the absence of IK(IR) conductance utilized to
mimic pharmacological inhibition of glial IK(IR), the value of
[Kþ]o was greatly elevated to 6mM from a control value of
3.5mM, while the value of glial resting potential became
slightly depolarized from 88 mV to 84 mV as repetitive
stimulation is applied. Therefore, as neuron is repetitively
fired, glial IK(IR) becomes greater and the glial resting po-
tential is progressively depolarized along with a slight
elevation of [Kþ]o. Glial depolarization seen in this simu-
lation can be explained by the elevation of glial IK(IR)
amplitude in response to periodical stimulation. Therefore,Figure 4. Simulation modeling used to examine how the presenc
by ion flux. The simulation (A) with or (B) without addition of glial
et al [9]. Current injection of 0.5 mA/cm2 with a duration of 500 mil
40 Hz. The firing of soma APs (upper) along with corresponding cha
glial IK(IR) conductance was incorporated in glial cell (A), the initia
compared with that obtained without inclusion of glial IK(IR). The I
figure exhibits to be inward while the neuron is repetitively fired by
repetitive firing (A) became considerably slow as compared with tha
this and the following figure is 1 second. The ordinate scale for glia
this figure is different from that in the following figure. AP Z actiit is reasonable to anticipate that neuroneglial interaction
is, to some extent, delicate and it can greatly be facili-
tated, especially during repetitive AP firing.
As the repetitive firing was increased to 100 Hz together
with the same IK(IR) conductance (i.e., 0.1 S/cm
2), the value
of glial IK(IR) was steeply increased and reached a peak
amplitude of 0.06 mA/cm2. Findings from this simulation
can be interpreted to mean that enhanced neuronal firing
induced the greater elevation in glial IK(IR) through
increased neuronal Kþ transport. Besides, as illustrated in
Fig. 5, the membrane in glial cells was correspondingly
depolarized from 92 mV to 76 mV and the [Kþ]o value
was elevated from 3.5mM to 7mM. However, notably, under
the conditions of where glial IK(IR) conductance was not
included in the model, the [Kþ]o value increased exces-
sively to a higher value (9mM) concomitant with membrane
depolarization to 80 mV from a baseline value of 88 mV.
Change in the magnitude of membrane depolarization is
about 8 mV, a value that becomes comparatively lower thane of glial IK(IR) contributes to neuroneglial interaction mediated
IK(IR) conductance was primarily based on the model of Somjen
liseconds was repetitively applied to the soma at a frequency of
nges in IK(IR), [K
þ]o, and glial resting potential is illustrated. As
l baseline value of resting potential became more negative as
K(IR) across the glial membrane shown in this and the following
current stimuli. The progressive increase in [Kþ]o in response to
t without the incorporation of IK(IR) (B). The time scale shown in
l IK(IR), extracellular K
þ, and glial membrane potential shown in
on potential; [Kþ]o Z extracellular K
þ concentration.
Effect of glial Kir channels 15that where glial IK(IR) conductance is included. Additionally,
the ability of glial cell to suppress the [Kþ]o rise is noted to
be apparently diminished as glial IK(IR) conductance was
removed.Discussion
In this study, we identified the existence of IK(IR) current in
both U373 and U87 glioma cells. The activity of Kir
channels was clearly detected in these cells with a single-
channel conductance of approximately 23 pS. Based on
the biophysical nature, these types of Kir channels
resemble Kir4.1-encoded channels [2,3,5]. We also found
out that amitriptyline or arecoline can be effective at
suppressing IK(IR) in these cells. Despite the lack of
detailed mechanism of the inhibitory actions, amitripty-
line or arecoline at clinically relevant concentrations may
effectively suppress the IK(IR) amplitude in glial cells.
Their effects could be direct and unlikely to be linked to a
mechanism via either binding to muscarinic receptors or
inhibition of norepinephrine uptake to the cell [5,14].
These compounds can exert an interaction at binding
site(s) inherently existing on Kir4.1 channels. Our resultsFigure 5. Changes in neuronal membrane potential, glial IK(IR), [K
neuroneglial interaction mediated by ion flux. Current stimuli wit
model. Notably, during such high-frequency stimulation, the ele
attenuated when glial IK(IR) conductance was included in the modealso suggest a potential link between alterations in
astroglial Kþ buffering and pharmacological actions of
amitriptyline or arecoline in the central nervous system
[14,16,17].
It should be noted that the pipette solution used for
whole-cell current recordings contained 3mM ATP, which
can adequately suppress the activity of ATP-sensitive Kþ
channels [18,19]. The IK(IR) is not sensitive to block by gli-
benclamide, which is known to be a blocker of these
channels (data not shown). Therefore, although this chan-
nel displays an inward-rectifying property, the IK(IR) in U373
cells is unlikely to arise from the expression of ATP-
sensitive Kþ channels.
In the resting state, neurons are bathed in extracellular
fluid that contains approximately 3.5mM Kþ. As illustrated
in this study, neuronal excitation causes considerable
release of Kþ from the neuronal membrane, which readily
results in the elevation of extracellular Kþ to approximately
10mM when neuron is constantly excited at a high fre-
quency (Fig. 4). If uncorrected, this would cause sustained
depolarization of neuronal and glial membranes as
described in the study, thereby culminating in cessation of
synaptic transmission [10,13,20]. Therefore, clearly glial
cells not only are supportive cells in the central nervousþ]o, and glial membrane potentials in the simulation model of
h a firing frequency of 100 Hz were repetitively applied to the
vated [Kþ]o due to increased IK(IR) magnitude is apparently
l. [Kþ]o Z extracellular K
þ concentration.
16 S.-N. Wu et al.system, but also become increasingly important in being
engaged with neurons in bidirectional interactions that
contribute to the modulation of neuronal network activities
[1,3,21].
Under high-frequency AP firing, extracellular Kþ con-
centrations will be expected to increase because Kþ ions
continue to be out of the neuronal membrane. The eleva-
tion of extracellular Kþ will be accompanied by membrane
depolarization in both neurons and glial cells [20]. Indeed,
in our simulations, when high-frequency AP firing with
100 Hz was applied to the model in which no glial IK(IR)
conductance was included, [Kþ]o became excessively
accumulated. Such high [Kþ]o in conditions of high neuronal
activity may further depolarize the neuronal membrane
and increase its excitability. As a result, high [Kþ]o can
induce paroxysmal discharge or spreading depression,
depending on the state of various membrane ion channels
[21]. This notion may account predominantly for the fact
that mutations of Kir4.1 channels can produce epileptic
attacks in certain clinical setting [4,6,7].
The limitation inherent to the theoretical model used
in this study is that no attempts were made to account for
the heterogeneities of brain tissue. This model was not
created to simulate synaptic connections among neurons.
However, this model has indeed established the important
role of glia in regulating the microenvironment of neurons,
especially with respect to Kþ ions [9]. Observations made
in this study should, thus, provide a basis for future
simulation work aimed in these directions. Importantly,
with the aid of computer modeling, our work provides the
possibility for a significant contribution of glial IK(IR) to the
attenuation of [Kþ]o rise associated with membrane de-
polarization of glial cell as repetitive neuronal firing oc-
curs. Owing to the inward direction of IK(IR) in response to
neuronal AP firing, glial resting potential became pro-
gressively depolarized. As the firing frequency was raised
from 40 Hz to 100 Hz, glial membrane depolarization
accompanied by an increased IK(IR) amplitude became
greater, while the resting potential in neuron was barely
altered. Their regulation by glia may serve as a signaling
mechanism emerging between neurons and glia and/or
may represent a mechanism by which glia may modulate
the activity of neurons [4,22,23].
In light of this study, we provide evidence that the IK(IR),
which Kir4.1 channels constitute, is functionally expressed
in human U373 and U87 glioma cells. IK(IR) amplitude in
these cells was sensitive to block by amitriptyline or arec-
oline. The simulations predict that the activity of these
channels in glial cells may contribute to alteration in [Kþ]o
and glial membrane potential. Therefore, glial cells may
act as a current sink and prevent accumulation of excessive
[Kþ]o. Glial Kir4.1 channel can be an important target used
for management of neurological disorders, particularly in
EAST syndrome [3,6,7]. The contribution of glial IK(IR) to
neuroneglial interaction would be highlighted under
certain conditions in vivo as a result of either high
expression of Kir4.1 channels [23] or pharmacological
modulation of Kir4.1 channels (e.g., amitriptyline, areco-
line, or fluoxetine) [16,24]. Experiments on the coculture of
neurons and glial cells with or without the addition of
different inhibitory agents would be interestingly explored
in the near future.Acknowledgments
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